ABSTRACT We report ab initio quantum mechanical calculations of band structures of single-walled carbon nanotubes (SWNTs) using the B3LYP flavor of density functional theory. In particular, we find excellent agreement with the small band gaps in "metallic" zigzag SWNTs observed by Lieber et al. [0.079 vs 0.080 eV for (9,0), 0.041 vs 0.042 eV for (12,0), and 0.036 eV vs 0.029 eV for (15, 0)]. This contrasts with the results from LDA and PBE, which lead to band gaps 70-100% too small, and with those from the GW correction to LDA, which leads to a gap two times too large. Interestingly we find that the (5,0) system, expected to be a large gap semiconductor, is metallic. These results show that B3LYP leads to very accurate band gaps for CNTs, suggesting its use in designing CNT devices. We find that the effective mass of the CNT (significant in designing CNT devices) scales inversely proportional to the square of the diameter. SECTION Electron Transport, Optical and Electronic Devices, Hard Matter C arbon nanotubes (CNTs) provide a number of unique and special properties that suggest great promise for nanoelectronics applications. In particular, the high electrical conductivity of quantum wires provides a potential solution for on-chip interconnect metals and transistors of future integrated circuits.
C arbon nanotubes (CNTs) provide a number of unique and special properties that suggest great promise for nanoelectronics applications. In particular, the high electrical conductivity of quantum wires provides a potential solution for on-chip interconnect metals and transistors of future integrated circuits.
One crucial obstacle to overcome in fabrication is controlling whether the CNT is metallic or semiconducting. The critical parameter determining the electronic properties of CNTs is the chiral vector, C h = (na 1 þ ma 2 ) (n,m), where n and m are integers and a 1 and a 2 are the real space unit vectors of the graphene sheet. C k specifies the way the graphene sheet is wrapped. When n -m is a multiple of 3, the simple theory leads to a crossing of bands at the Fermi energy, implying that CNT is metallic; otherwise, it is expected to be a semiconductor. Thus, armchair (n,n) CNTs are expected to always be metallic, whereas zigzag (n,0) CNTs are expected to be metallic only when n is a multiple of 3.
However, on the basis of measurements under ultrahigh vacuum conditions at 5 K on a Au(111) substrate, Lieber et al. 1 showed that some (3m,0) zigzag single-walled carbon nanotubes (SWNTs) have finite band gaps [0.080 ( 0.005 eV for (9,0), 0.042 ( 0.004 eV for (12,0), and 0.029 ( 0.004 eV for (15,0)].
Previous quantum mechanical (QM) calculations were not able to account for the observed band gaps. 2, 3 The local density approximation (LDA) functional in density functional theory (DFT) led to gaps of 0.024 eV for (9,0), 0.002 eV for (12,0), and 0 eV for (15,0), which are 70, 95, and 100% too small. Of course, it is well-known that LDA leads to band gaps that are too small. A common approach to correcting these LDA band gaps is the GWapproximation, which calculates the poles of the Green's functions explicitly. For (9,0), GW leads to a band gap that is too large by 213%. 2 The generalized gradient approximation (GGA) functional leads to much more accurate cohesive energies than LDA, but the Perdew-BurkeErnzerhof (PBE) flavor leads to band gaps of 0.030 eV for (9,0), 0.010 eV for (12,0), and 0 eV for (15,0), which are 63, 86, and 100% too small. The Perdew-Wang 91 (PW91) flavor of GGA corrected with an empirical uniform scale factor (1.20) leads 3 to band gaps of 0.20 eV for (9,0), 0.08 eV for (12,0), and 0.14 eV for (15,0), which are to large by 250, 190, and 483% of the experimental values, respectively, following no consistent trend.
Since the band gap is the most significant property in designing CNTs for electronics applications, it is essential to find a way of predicting accurate band gaps. We report such an approach here.
The problem with bad band gaps from DFT calculations has been encountered before. A spectacular case is for the undoped parent compound, La 2 CuO 4 , of cuprate superconductors, 4 where LDA and GGA lead to highly overlapping bands at the Fermi energy and hence a metal, whereas this system has an experimental band gap of 2.0 eV. Perry et al. 4 solved this problem by showing that the Becke-Lee-YangParr (B3LYP) flavor 5 of DFT leads to an accurate band gap of 2.0 eV. Indeed, similar results have now been reported for many other semiconductor and insulator systems. 6 The B3LYP functional combines the Becke GGA exchange potential based with Hartree-Fock (HF) exact exchange plus the Lee-Yang-Parr correlation functional.
5 B3LYP has been shown to provide the most accurate cohesive energies, ionization potentials, and electron affinities for a range of finite molecules. 7, 8 The inclusion of exact HF exchange helps to correct for the self-energy problem with standard DFT formulations.
On the basis of these successes, we decided to apply B3LYP to the problem of CNT band gaps. Indeed, we find that the B3LYP flavor of density functional 5 theory leads to accurate band gaps of these zigzag SWNTs with values of 0.079 eV for (9,0), 0.041 eV for (12,0), and 0.036 eV for (15,0). These are within 0.001, 0.001, and 0.007 eV of the experimental values, respectively, a spectacular agreement. This excellent agreement for the most challenging case of the nonmetallic (3m,0) zigzag CNTs validates the use of B3LYP to predict the band gaps and other properties of CNT systems.
Our studies of other (n,0) zigzag CNTs find that both (6,0) and (24,0) are metallic, even though the (9,0), (12, 0) , and (15,0) systems are semiconducting. Experiments on these systems would be useful to provide additional validation of our results.
Since B3LYP does so well for energy gaps, we anticipate that it should be accurate for other properties such as effective masses and the Fermi velocity needed for designing nanoelectronic devices, and we report such values here.
Tests against Diamond and Graphite. As a preliminary test of B3LYP, we calculated the band structures of diamond and graphite. Table 1 and Figure S1 (see Supporting Information) compare critical energies from B3LYP with experimental data 9-11 and the results from LDA and PBE. For diamond, B3LYP leads to an indirect band gap of 5.5 eV compared to 5.5 eV from experiment. 9 PBE and LDA obtain 3.9 and 3.3 eV, respectively. Similarly, the direct band gap at Γ from B3LYP is 7.2 eV, compared to 7.3 eV from experiment 10 while PBE and LDA values are 5.5 and 5.3 eV.
For graphite, the valence and conduction bands touch at the K point, leading to a semimetal. The direct band gap at Γ from B3LYP is 13.6 eV, compared to ∼13.1 eV from experiment.
11 PBE is 11.0 eV, and LDA is 11.4 eV. It has recently been shown 12 that the inclusion of exact Hartree-Fock exchange compensates for the error of fractional electron occupations. This may be the reason for the success of B3LYP for CNTs reported here.
(3m,0) "Metallic" Zigzag SWNT. Figure 1b shows that the small band gaps found experimentally 1 for the (9,0), (12, can be understood in Figure 2 , which shows the π-π* coupling near the expected crossing points (K points on the Brillouin zone) of these 3n zigzag SWNTs. It has been argued that this finite gap for (3m,0) with m = 3, 4, 5, and 6 might arise due to such effects as distortions from the Au(111) substrate. In fact, we previously studied SWNTs and graphene sheets in contact with various metal surfaces and determined that side contacts with the Au(111) surface leads to negligible interaction. 13 The equilibrium binding energy of Au(111)-graphene is only 0.13 kcal/mol/ atom, leading to negligible strain at the Au surface. Our results imply the small band gaps arise from the intrinsic properties of the SWNTs and are not due to adsorbates or deformations caused by the interactions between the Au surface and SWNTs.
(n 6 ¼ 3m,0) Nonmetallic SWNT. Figure 1a shows the band gaps of SWNTs as a function of diameter. For d > 0.6 nm, we find that the zigzag SWNTs (n,0) with n mod 3 6 ¼ 0 are Table S1 in Supporting Information).
semiconductors, as expected according to the chiral vector rule, and that the gap increases monotonically with decreasing diameter d until d < 0.6 nm, where the gap decreases for (7,0) and is 0 (metallic) for (6,0) and (5,0).
Barone et al. 14 examined LDA, PBE, and B3LYP for a number of nonmetallic cases (but no metallic ones) using the 3-21G basis set. They found that LDA and PBE are systematically lower than B3LYP by ∼0.4 eV.
Small Zigzag SWNT: (7,0), (6,0), and (5,0). Figure S3 -1a, b, and c (see Supporting Information) shows that the singly degenerate bands at the conduction band minimum (CBM) cross the Fermi energy near the Γ points for (5,0) and (6,0) SWNTs, while it approaches the Fermi energy near the Γ point for the (7,0) SWNT. This is due to the σ*-π* hybridization effects caused by the curvature of small-diameter CNTs. 15 In these small CNTs, the π* and σ* states mix and repel each other, leading to lower pure π* states. The σ*-π* hybridization is not included in common tight-binding (TB) calculations so that TB fails to describe asymmetrical charge transfer of the atoms, leading to finite gaps for (5,0) 16 and (6,0) (e.g., the sp 3 s* TB model 17 leads to E g = 0.18 eV). Comparisons of Chiral Cases Having the Same Diameter. For the two cases (15,5) and (14,7) that have nearly the same diameter (d = 1.42 and 1.46 nm, respectively), we calculate nearly the same band gap E g = 0.66 and 0.65 eV, respectively. This suggests that the band gap of these chiral systems depends mainly on the diameter (i.e., the curvature). The experimental values from Wild€ oer et al. 18 are E g = 0.50-0.60 ( 0.1 eV for chiral SWNTs with d = 1.4 ( 0.1 nm.
Effective Masses and Fermi Velocities. Figure 3a shows the calculated effective electron (m* e ) and hole (m* h ) masses of semiconductor SWNTs from the B3LYP band structures (in units of the electron mass). We find a different trend for the effective masses of zigzag SWNTs with n = 3i þ 1 (i is integer) compared to those with n = 3i þ 2. For (7,0) and (8,0) zigzag SWNTs, the asymmetry of the conduction and valence bands leads to different effective masses of electrons and holes, lending support to the interpretation in terms of σ*-π* hybridization. For larger-diameter SWNTs, the symmetry of the conduction and valence bands (π-π*) leads to the same effective electron and hole mass. The trend of the effective masses of zigzag SWNTs based on the subgroups n = 3i þ 1 and n = 3i þ 2 can be explained by how the allowed k points cross the corner of Brillouin zone. The allowed k points cross closer to the K point for n = 3i þ 2, leading to effective masses derived from the larger slope in the conduction and valence bands that corresponds to the π orbitals in three dimensions. The masses scale as the diameter squared when d > 1.0 nm (i > 16 for n = 3i þ 1 and i > 11 for n = 3i þ 2) (Figure 3b ). Since the allowed k points cross closer to the K points with larger diameters, the effective masses and band gaps decrease.
Computational Methodology. The structures for all systems were obtained using the graphite force field 19 that accurately predicts structures and cohesive energies of fullerenes molecules, CNTs, and graphitic crystals. 20, 21 The CNT geometries were fully optimized with no symmetry constraints. Detailed structural parameters are given in Table S1 in the Supporting Information.
For the band calculations, we used CRYSTAL06, 22 which uses Gaussian basis sets with periodic boundary conditions. All electronic band structure calculations used the DURAND_ 21G* basis sets 23 that replaces the 1s core basis functions using a pseudopotential.
This report provides useful and important guidelines for characterizing and designing CNT-based nanodevices, where we have shown that the band gaps of SWNTs obtained from the B3LYP hybrid density functional are in excellent agreement with experiment. Notably, B3LYP leads to accurate values of the small band gaps observed in the metallic zigzag (9,0), (12, 0) , and (15,0) SWNTs, whereas previous calculations using LDA, PBE, PW91, GW, and TB do not. Our results are significant for applications of SWNTs in nanoelectronics, where controlling whether the CNT is metallic or semiconducting is essential.
We also find that B3LYP accurately describes both the π-π* couplings and the σ*-π* hybridizations.
Finally, we show that the band gaps and effective masses scale inversely proportional with the diameter squared for d > 1.3 nm. 
